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(57) ABSTRACT

Disclosed is a semiconductor device comprising at least one
active layer (14, 16) on a substrate (10) and a first contact (24,
26, 28) to the at least one active layer, the first contact com-
prising a metal in contact with the at least one active layer and
a titanium tungsten nitride (TiW(N)) layer (30) on the metal.
A method of manufacturing such a semiconductor device is
also disclosed.
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1
SEMICONDUCTOR DEVICE AND
MANUFACTURING METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the priority under 35 U.S.C. §119
of European patent application no. 13163745.6, filed on Apr.
15,2013, the contents of which are incorporated by reference
herein.

FIELD OF THE INVENTION

The present invention relates to a semiconductor device
comprising at least one active layer such as a GaN layeron a
substrate and a first contact to the at least one active layer, the
first contact comprising a metal in contact with the at least one
active layer.

The present invention further relates to a method of manu-
facturing such a semiconductor device.

BACKGROUND OF THE INVENTION

Over the last few years I1I-V nitrides like GaN have drawn
a lot of interest as promising materials for high-temperature
and high-power electronics. Future high-efficiency power
converters require fast switching, low conduction loss
devices that can handle high voltages. GaN is a good candi-
date for voltages up to 1 kV and shows excellent switching
behaviour in Schottky diodes and in high-electron mobility
transistors (HEMTs). Thanks to the advancements in GaN-
on-Si epitaxy, the semiconductor industry is now actively
combining I1I-V specific device expertise with low-cost high-
volume Si main-stream production facilities.

One of the key considerations for main-stream Si compat-
ibility is the choice of metals used and as the technology
advances, more stringent demands will be made on the repro-
ducibility, uniformity, thermal stability, and high temperature
operation of GaN-based semiconductor devices.

Most ohmic contacts on GaN/AlGaN heterostructures are
based on Ti/Al-based metallization schemes. Titanium cre-
ates nitrogen vacancies in the underlying GaN by forming
TiN, which enables electrons to tunnel to the 2-dimensional
electron gas (2DEG) underneath the AlGaN. Aluminium is
included to react with Ti to prevent oxidation of the Ti. On top
of the Al, gold is commonly used as the bulk metal, often
separated by a diffusion barrier. Common metallization struc-
tures include Ti/Al/Ti/Au, Ti/Al/Ni/Au and Ti/Al/Pt/Au.

However, gold not only is expensive but also is incompat-
ible with mainstream silicon-based semiconductor device
manufacturing processes. Therefore, to be able to process
GaN/AlGaN HEMTs on GaN-on-Si substrates in a standard
Si fab, gold has to be eliminated from the process and
replaced by a main-stream Si-compatible metal.

Such semiconductor devices may further or alternatively
include a Schottky contact, which may comprise a nickel
layer in contact with the at least one active layer of the
semiconductor device. This also is not without problems. For
instance, when aluminium is used as the metal of choice in the
backend, aluminium can diffuse into the nickel, which nega-
tively affects the properties of the Schottky contact.

EP 2 416 364 A2 discloses a GaN-based semiconductor
device having a Schottky contact including a first metal con-
tact layer and a second Schottky metal contact layer disposed
on the first metal contact layer. The second Schottky metal
contact layer has a lower work function than the first metal
contact layer. The first metal contact layer preferably includes
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2
nickel and the second Schottky metal contact layer may be
selected from Pd, TiW interlayer, Pt, Al, Ti, Mo, Au or a
combination thereof. However, it has been found that the
suggested second Schottky metal contact layer does not sat-
isfactorily address the aforementioned problems.

SUMMARY OF THE INVENTION

The present invention seeks to provide semiconductor
device comprising at least one active layer such as a GaN
layer on a substrate and a first contact to the at least one active
layer, the first contact comprising a metal in contact with the
at least one active layer of which at least some of the afore-
mentioned problems have been addressed.

The present invention further seeks to provide a method of
manufacturing such a semiconductor device.

According to a first aspect, there is provided a semicon-
ductor device comprising at least one active layer on a sub-
strate and a first contact to the at least one active layer, the first
contact comprising a metal in contact with the at least one
active layer and a titanium tungsten nitride (TiW(N)) layer on
the metal.

It has been found that TiW(N) can improve the character-
istics of both ohmic and Schottky contacts in such semicon-
ductor devices due to its thermal properties and barrier prop-
erties.

For instance, for a first contact being an ohmic contact in
which the metal comprises a Ti/Al interlayer, the TIW(N)
layer prevents the melting of the aluminium layer in subse-
quent anneal processes, whilst at the same time not affecting
the Ti/Al ohmic contact formation and adhering well to the
Ti/Al interlayer structure without diffusing into this structure.
In addition, the TiW(N) layer exhibits a low surface rough-
ness after anneal, which facilitates the formation of reliable
(external) contacts to this layer.

For afirst contact being a Schottky contact including nickel
as the metal, the TiW(N) layer acts as an effective barrier layer
preventing the diffusion of aluminium metallization into the
nickel. In addition, it has been found that the TiIW(N) layer
can prevent the delamination of nickel where the first contact
is laterally delimited by an electrically insulating material,
specifically silicon nitride (SiN).

In an embodiment, the semiconductor device, in addition to
the first contact being a Schottky contact, may comprise a
further (ohmic) contact spatially separated from the first con-
tact, the further contact comprising a Ti/Al interlayer in con-
tact with the at least one active layer and a titanium tungsten
nitride layer on the Ti/Al interlayer. In this embodiment, the
aforementioned advantages of the inclusion of a TiW(N)
layer in the Schottky contact and the ohmic contact respec-
tively are combined into a single semiconductor device.

In an embodiment, the first contact is a gate contact and the
further contact is one of a source and drain contact. Both the
source contact and the drain contact may be a respective
further contact.

The TIW(N) layer comprises a stack of sublayers including
a first TiW sublayer, a second TiW sublayer and a TiW(N)
sublayer inbetween the first and second TiW sublayers. This
is the resulting structure from a process in which nitrogen is
gradually introduced to and removed from the reactants in a
reaction chamber of e.g. a sputter deposition tool, which
ensures that no nitrogen is present in the reaction chamber to
contaminate subsequent sputter targets for which the inclu-
sion of nitrogen is undesirable.
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The TiW(N) sublayer preferably has a thickness exceeding
the combined thickness of the first and second TiW sublayers
such that the properties of the sublayer stack are dominated by
the TiW(N) sublayer.

Although the present invention can be applied in any suit-
able semiconductor device, the present invention is particu-
larly suitable for application in a semiconductor device com-
prising a gallium nitride (GaN) active layer. An AlGaN layer
may separate the GaN layer from the metal layer of the one or
more contacts of the semiconductor device.

In accordance with another aspect of the present invention,
there is provided a method of manufacturing a semiconductor
device, the method comprising providing a substrate; forming
at least one active layer on said substrate; and forming a first
contact on the at least one active layer by depositing a metal
on the at least one active layer; depositing a TiW(N) layer
over said metal; and patterning the metal to form the first
contact. The TIW(N) layer may for instance be deposited
using sputter deposition.

If the metal is nickel, it is preferable that the patterning of
the contact is performed after the deposition of the TiIW(N)
layer as it has surprisingly been found that this effectively
protects the nickel layer from delamination in subsequent
processing steps.

In an embodiment, the substrate may be a silicon substrate,
a SiC substrate or a sapphire substrate and the at least one
active layer may comprise a GaN layer and an AlGaN layer
over the GaN layer, wherein the step of forming the first
contact comprises forming said first contact on the AlGaN
layer.

The step of depositing a TIW(N) layer over said metal may
comprise depositing a first TiW sublayer over the metal;
depositing a TiIW(N) sublayer over the first TiW sublayer and
depositing a second TiW sublayer over the TiW(N) sublayer.

BRIEF DESCRIPTION OF THE EMBODIMENTS

Embodiments of the invention are described in more detail
and by way of non-limiting examples with reference to the
accompanying drawings, wherein:

FIG. 1 schematically depicts a semiconductor device
according to an embodiment of the present invention; and

FIG. 2 is an optical image of an aspect of a semiconductor
device.

DETAILED DESCRIPTION OF THE DRAWINGS

It should be understood that the Figures are merely sche-
matic and are not drawn to scale. It should also be understood
that the same reference numerals are used throughout the
Figures to indicate the same or similar parts.

The present invention is based on the realization that tita-
nium tungsten nitride (TiW(N)) can be advantageously used
on top of metal contacts, in particular Ti/Al and Ni contacts,
to improve the robustness of these contacts to subsequent
processing steps in the formation of a semiconductor device,
such as a diode, a transistor and so on. Specifically, the appli-
cation of a TiW(N) layer on such contacts has been found
particularly beneficial if subsequent manufacturing steps of
the semiconductor device expose the metal contacts to high
temperature anneal steps, as will be explained in more detail
later. The present invention may be applied to any semicon-
ductor technology, but is particularly advantageous when
applied to gallium nitride (GaN)-based semiconductor
devices where such thermal anneal steps are commonplace in
the manufacturing process. More specifically, the present
invention is particularly advantageous when applied to gal-
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lium nitride (GaN)-based semiconductor devices where
mainstream Si-fab compatibility is required, for example
GaN semiconductor devices foruse in power, radio frequency
(RF) and sensor applications.

FIG. 1 schematically depicts a non-limiting example of
such a GaN-based semiconductor device (a HEMT). The
semiconductor device comprises a substrate 10, such as a
silicon substrate, onto which a buffer layer 12 is formed. The
buffer layer 12 may for instance comprise GaN, AlGaN or a
combination thereof. The semiconductor device comprises an
active layer stack including a GaN layer 14 and an AlGaN
layer 16. The semiconductor device may comprise isolation
regions 18 to electrically separate adjacent semiconductor
devices on a wafer. The isolation regions 18 for instance may
be formed in any suitable manner, e.g. by etching a mesa into
the active layer stack or by implanting an impurity such as
argon into the active layer stack to locally disrupt the crystal
structure such that the 2 dimensional electron gas can no
longer form in this region. It should be understood that
depending on the technology other types of isolation regions
18 may be used, e.g. using any suitable electrically insulating
material such as silicon oxide, silicon-rich oxide, silicon
nitride and so on.

A passivation layer 20 is formed on the active layer stack,
which has been patterned to provide contact regions to the
active layer stack. The passivation layer 20 may be any suit-
able dielectric material, such as silicon nitride. In FIG. 1, the
semiconductor device is shown to have three contacts by way
of non-limiting example only, namely ohmic contacts 24 and
26 and Schottky contact 28. It should however be understood
that the semiconductor device may have any suitable number
of'contacts, and that it is not necessary that the semiconductor
devices includes both ohmic contacts and Schottky contacts.
Instead, the semiconductor device may have only ohmic con-
tacts or only Schottky contacts. The contacts 24, 26 and 28 are
in conductive contact with the AlGaN layer 16 and are elec-
trically insulated from each other by a dielectric material 22,
such as silicon nitride or any other suitable material. In an
embodiment, the contacts 24, 26 and 28 are in physical con-
tact with the AlGaN layer 16. In an alternative embodiment,
the contacts 24, 26 and 28 are separated from the AlGaN layer
16 by a capping layer to prevent reaction of the AlGaN layer
16 when exposing an intermediate structure to dry or wet etch
chemistries, e.g. when forming the openings for the contacts
24, 26 and 28. Such a capping layer should be thin enough to
allow the contacts 24, 26 and 28 to be conductively coupled to
the AlGaN layer 16. In an embodiment, the capping layer is a
GaN layer having a thickness of less than 10 nm, e.g. 2-3 nm.
Preferably, the passivation layer 20 and the dielectric material
22 are the same material, such as silicon nitride.

The first ohmic contact 24 may define a source electrode of
the semiconductor device, the second ohmic contact 26 may
define a drain electrode of the semiconductor device and the
Schottky contact 28 may define a gate electrode of the semi-
conductor device. The first and second ohmic contacts 24, 26
each are typically formed of an metallization stack including
a Ti layer in physical contact with the AlGaN layer 16 and an
Al layer in physical contact with the Ti layer. Further layers
may be present in each of these contacts. In order to obtain a
low ohmic contact between the Ti layer and the AlGaN layer
16, a high temperature anneal step, e.g. around 800° C., is
typically necessary. However, as these temperatures are
above the melting point of aluminium, a capping layer has to
be present on the ohmic contacts to prevent the melting of the
Al layer in the ohmic contacts.

The Schottky contact 30 typically contains nickel (Ni) as
the metal in physical contact with the AlGaN layer 16. The
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use of Ni is also not straightforward, especially when using
aluminium for the metallization of the semiconductor device.
For the avoidance of doubt, the term metallization is used to
indicate the metal structures on top of the semiconductor
device that inter alia facilitate the connection of the contacts
24, 26, 28 to other circuit elements or to the outside world.
The process of manufacturing the metallization of a semicon-
ductor device is commonly referred to as the back-end pro-
cess.

In order to obtain a good Schottky contact between the Ni
layer and the AlGaN layer 16, a high temperature anneal step,
e.g. around 400-600° C., is typically necessary. However, at
these temperatures the aluminium metallization freely dif-
fuses into the nickel contact, such that it is necessary to
protect the nickel from the aluminium with a barrier layer.

As will be understood, it is desirable to provide a single
solution to the different problems associated with ohmic
Ti/Al contacts 24, 26 and Schottky Ni contacts 28 as this
minimizes the required number of additional process steps,
thus providing a cost-effective solution. In accordance with
an aspect of the present invention, such a single solution is
provided by the addition of a TiW(N) layer 30 on the ohmic
contacts 24, 26 and on the Schottky contact 28. In an embodi-
ment, the nitrogen content of the TiW(N) layer 30 is in the
range of 1-30 atom % based on the total atom composition of
the TiW(N) layer 30. In another embodiment, the nitrogen
content of the TIW(N) layer 30 is in the range of 2-20 atom %
based on the total atom composition of the TIW(N) layer 30.
In yet another embodiment, the nitrogen content of the TiW
(N) layer 30 is in the range of 5-15 atom % based on the total
atom composition of the TiW(N) layer 30.

It has been found that for the ohmic contacts 24, 26, the
TiW(N) layer 30 does not negatively aftect the Ti/Al ohmic
contact formation and does not diffuse into the formed Ti/Al
intermetallics. It also shows excellent adhesion to such Ti/Al
intermetallics as well as low surface roughness after the
aforementioned anneal steps, thereby facilitating a high qual-
ity contact between the TIW(N) layer 30 and the metalliza-
tion, e.g. Al metallization. In addition, the TiW(N) layer 30
also shows excellent adhesion to nickel and has proven to
effectively prevent the diffusion of Al into nickel during the
aforementioned anneal steps.

It is pointed out that apart from the TiW(N) layer 30, the
semiconductor device in FIG. 1 is known per se, such that the
semiconductor device may be manufactured in any suitable
manner known to the skilled person. The TiW(N) layer 30
preferably is deposited onto the contact metals prior to pat-
terning of the contacts 24, 26, 28. Particularly, the metal
stacks of the respective contacts 24, 26 and 28 preferably are
formed in a single run to avoid any exposure to air, which
could cause oxidation. It is further preferred that the TiW(N)
layer 30 is deposited immediately prior to this patterning step
when depositing the TiW(N) layer 30 on a nickel Schottky
contact 28 as will be explained in more detail later.

The TiW(N) layer 30 may be deposited in any suitable
manner. A particularly suitable manner is through sputter
deposition. In an embodiment, the TiIW(N) layer 30 is depos-
ited as a single layer. In a particularly advantageous embodi-
ment, the TIW(N) layer 30 is deposited as a stack of sublayers,
in which the TiW(N) sublayer is sandwiched between a lower
TiW sublayer and an upper TiW sublayer. As previously
explained, this purges the reaction chamber of the sputtering
device of residual nitrogen, such that subsequent sputter tar-
gets are not contaminated with residual nitrogen. Each of
these sublayers may be deposited using sputter deposition or
any other suitable deposition technique. It should however be
understood that the technical problems addressed by the
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6

present invention may equally be solved using a TiW(N) layer
30 only, i.e. without the lower TiW sublayer and the upper
TiW sublayer.

In an embodiment, the TiW(N) sublayer preferably is
thicker than each of the TiW sublayers and preferably thicker
than the TiW sublayers combined. For instance, in a current
4" silicon wafer process, the TiW sublayers have a thickness
01’10 nm and the TiW(N) sublayer has a thickness of 80 nm to
ensure that the bulk behavior of the layer stack 30 is domi-
nated by the properties of the TiW(N) sublayer.

FIG. 2 is an optical micrograph of a circular Schottky
Barrier Diode, showing delamination of Ni at the interfaces
with silicon nitride. One such delamination area is indicated
by the arrow. Without wishing to be bound by theory, it is
believed that the delamination of Ni takes place mainly due to
the diffusion of hydrogen through Ni. A large amount of
atomic hydrogen is present during the plasma enhanced
chemical vapour deposition (PECVD) of the silicon nitride
intermetal dielectric 22, which is believed to lead to recom-
bination at the interfaces of Ni to silicon nitride. In addition,
PECVD silicon nitrides are known to contain a high amount
of hydrogen bound to nitrogen. At subsequent anneal steps,
H—N bonds can be broken, which again can lead to diffusion
othydrogen through the Ni Schottky contact 28. Although the
former hydrogen diffusion process probably is more domi-
nant, both sources of atomic hydrogen and the subsequent
formation of H, are believed to be the driving force behind
delamination.

If a hydrogen diffusion barrier is applied between the sili-
con nitride hydrogen source and the Ni metal layer, delami-
nation of Ni from silicon nitride is prevented. It has surpris-
ingly been found that a TiIW(N) barrier layer 30 deposited
directly on the Ni of the Schottky contact 28 prior to pattern-
ing of the Schottky gate has been proven to be very effective
in suppressing such delamination.

It should be noted that the above-mentioned embodiments
illustrate rather than limit the invention, and that those skilled
in the art will be able to design many alternative embodiments
without departing from the scope of the appended claims. In
the claims, any reference signs placed between parentheses
shall not be construed as limiting the claim. The word “com-
prising” does not exclude the presence of elements or steps
other than those listed in a claim. The word “a” or “an”
preceding an element does not exclude the presence of a
plurality of such elements. The invention can be implemented
by means of hardware comprising several distinct elements.
In the device claim enumerating several means, several of
these means can be embodied by one and the same item of
hardware. The mere fact that certain measures are recited in
mutually different dependent claims does not indicate that a
combination of these measures cannot be used to advantage.

The invention claimed is:

1. A semiconductor device comprising at least one active
layer on a substrate and a first contact to the at least one active
layer, the first contact comprising a metal in contact with the
at least one active layer and a titanium tungsten nitride (TiW
(N)) layer on the metal,

wherein the metal is nickel,

wherein the first contact is laterally delimited by an elec-

trically insulating material,

wherein the semiconductor device comprises a further con-

tact that is entirely laterally separated from the first
contact by the electrically insulating material such that
the first contact and the further contact are electrically
insulated from each other, the further contact compris-
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ing a Ti/ Al metallization stack in contact with the at least
one active layer and a TiW(N) layer on the Ti/Al metal-
lization stack,

wherein the first contact is a Schottky contact and the

further contact is an ochmic contact.

2. The semiconductor device of claim 1, wherein the at
least one active layer comprises a GaN layer.

3. The semiconductor device of claim 2, wherein the GaN
layer is separated from the at least one contact by an AlGaN
layer.

4. The semiconductor device of claim 1, wherein the elec-
trically insulating material is SiN.

5. The semiconductor device of claim 1, wherein the TiW
(N) layer comprises a stack of sublayers including a first TiW
sublayer, a second TiW sublayer and a TiW(N) sublayer
inbetween the first and second TiW sublayers, and wherein
the TiW(N) sublayer preferably has a thickness exceeding the
combined thickness of the first and second TiW sublayers.

6. A semiconductor device comprising at least one active
layer on a substrate and a first contact to the at least one active
layer, the first contact comprising a metal in contact with the
at least one active layer and a titanium tungsten nitride (TiW
(N)) layer on the metal,

wherein the metal is nickel,

wherein the first contact is laterally delimited by an elec-

trically insulating material,

wherein the semiconductor device comprises a further con-

tact that is entirely laterally separated from the first
contact by the electrically insulating material such that
the first contact and the further contact are electrically
insulated from each other, the further contact compris-
ing a Ti/ Al metallization stack in contact with the at least
one active layer and a TiW(N) layer on the Ti/Al metal-
lization stack,
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wherein the first contact is a gate contact and the further
contact is one of a source and drain contact.

7. A semiconductor device comprising:

a substrate;

at least one active layer on the substrate;

a gate contact connected to the at least one active layer, the
gate contact comprising nickel and having a titanium
tungsten nitride (TiW(N)) layer on top of the nickel and
opposite the at least one active layer;

a source contact connected to the at least one active layer,
the source contact comprising a Ti/Al metallization
stack with a Ti layer in physical contact with the at least
one active layer and an Al layer in physical contact with
the Ti layer and a TiW(N) layer on the Ti layer of the
Ti/Al metallization stack and opposite the at least one
active layer;

adrain contact connected to the at least one active layer, the
drain contact comprising a Ti/Al metallization stack
with a Ti layer in physical contact with the at least one
active layer and an Al layer in physical contact with the
Ti layer and a TiW(N) layer on the Ti layer of the Ti/Al
metallization stack and opposite the at least one active
layer;

wherein the source contact and the drain contact are
entirely laterally separated from the gate contact by an
electrically insulating material such that the source con-
tact, the drain contact, and the gate contact are electri-
cally insulated from each other.

8. A high-electron mobility transistor (HEMT) comprising

the semiconductor device of claim 7.

#* #* #* #* #*



